Sudden cardiac death from ventricular fibrillation during acute myocardial infarction is a leading cause of total and cardiovascular mortality. To our knowledge, we here report the first genome-wide association study for this trait, conducted in a set of 972 individuals with a first acute myocardial infarction, 515 of whom had ventricular fibrillation and 457 of whom did not, from the Arrhythmia Genetics in The Netherlands (AGNES) study. The most significant association to ventricular fibrillation was found at 21q21 (rs2824292, odds ratio = 1.78, 95% CI 1.47-2.13, P = 3.3 × 10 −10 ). The association of rs2824292 with ventricular fibrillation was replicated in an independent case-control set consisting of 146 out-of-hospital cardiac arrest individuals with myocardial infarction complicated by ventricular fibrillation and 391 individuals who survived a myocardial infarction (controls) (odds ratio = 1.49, 95% CI 1.14-1.95, P = 0.004). The closest gene to this SNP is CXADR, which encodes a viral receptor previously implicated in myocarditis and dilated cardiomyopathy and which has recently been identified as a modulator of cardiac conduction. This locus has not previously been implicated in arrhythmia susceptibility.
Sudden cardiac death (SCD) accounts for 15-20% of all natural deaths in adults in the United States and Western Europe and also for up to 50% of all cardiovascular deaths 1 . Ventricular fibrillation (uncoordinated contraction of the ventricles) is the most common underlying cardiac arrhythmia 2 . It arises through multiple mechanisms, depending on the affected individual's underlying cardiac pathology 3 . In the last decade, considerable progress has been made in understanding the genetic, molecular and electrophysiological basis of SCD in the uncommon (monogenic) familial arrhythmia syndromes affecting structurally normal hearts and the rare inherited structural disorders associated with increased SCD risk 4, 5 . However, the overwhelming majority (~80%) of SCDs in adults are caused by the sequelae of coronary artery disease, namely myocardial ischemia or acute myocardial infarction 6, 7 , and SCD is the first clinically identified expression of heart disease in up to one-half of the instances of SCD 8 . Progress in understanding the genetic and molecular mechanisms that determine susceptibility to these common arrhythmias, affecting a much greater proportion of the population, has been limited 3, 9, 10 . The identification of genetic variants associated with these phenotypes is challenging due to difficulties in ascertaining individuals with these diseases.
Epidemiological studies have previously indicated that sudden death of a family member is a risk factor for SCD, suggesting a genetic component in susceptibility 11, 12 . Recently, we also identified family history of sudden death as a strong risk factor for cardiac arrest during myocardial infarction in the AGNES study, in which we compared individuals with and without ventricular fibrillation during the early phase of a first acute myocardial infarction 13 .
Accordingly, in the present study, we sought to identify common genetic factors underlying susceptibility to ventricular fibrillation during myocardial infarction by conducting a genome-wide Genome-wide association study identifies a susceptibility locus at 21q21 for ventricular fibrillation in acute myocardial infarction l e t t e r s association study (GWAS) in the AGNES case-control set. The strategy of selecting this highly specific arrhythmia phenotype allowed us to avoid the problem of loss of statistical power inherent in analyzing cases or controls with multiple pathophysiologies. In particular, confining the case group to those with a first myocardial infarction minimizes the inclusion of individuals with extensive preexisting myocardial scarring from previous myocardial infarctions, in whom ventricular fibrillation may also arise from other mechanisms such as scar-related reentry.
A GWAS was performed in 515 AGNES cases (individuals having myocardial infarction with ventricular fibrillation) and 457 AGNES controls (individuals having myocardial infarction without ventricular fibrillation); all cases and controls were self-declared Dutch and of European ancestry. The clinical characteristics of AGNES cases and controls are presented in Table 1 . Genotyping was carried out using the Illumina Human610-Quad v1 array. All but three DNA samples passed quality control criteria (Online Methods). Excluding the sex chromosome and mitochondrial DNA, this left 507,436 SNPs available for analysis. We next imputed nongenotyped SNPs from the HapMap European CEU reference panel (release 22). The association of each SNP with ventricular fibrillation was evaluated using a logistic regression model assuming an additive genetic model with adjustment for age and sex. The genomic control factor was small (λ = 1.026), indicating that overall inflation of genome-wide statistical results due to population stratification was minimal. There was an excess of SNPs associated with ventricular fibrillation compared to the number expected under the null hypothesis of no association (Supplementary Fig. 1 ).
The distribution of P values for the associations of SNPs with ventricular fibrillation is shown in Figure 1 , and SNPs displaying the strongest associations (chromosome (chr.) 21q21, chr. 9q21 and chr. 1q25) are presented in Table 2 and Supplementary Table 1. Eight SNPs on chr. 21q21, all in moderate to complete linkage disequilibrium with each other (r 2 = 0.4-1.0), surpassed our preset threshold for genome-wide significance of P < 5 × 10 −8 . Of these, the most significant associations were found for rs2824292 and rs2824293, which are 338 base pairs apart (r 2 = 1.0) and are situated 98 kb from CXADR (odds ratio = 1.78 per G allele, 95% CI, 1.47-2.13, P = 3.3 × 10 −10 ). After adjustment for the main association signal (rs2824292), we saw a marked reduction in the association between ventricular fibrillation and the other seven SNPs on chromosome 21, indicating that these SNPs do not represent independent secondary association signals. The genotype frequencies for rs2824292 in AGNES cases and controls, as well as for rs1353342 (9q21) and rs12090554 (1q25), are presented in Supplementary Table 2 , together with the genotype frequencies in a sample of the general Dutch population of European descent. As expected, the frequencies of the risk and protective alleles for each SNP in the general population were between those of AGNES cases and AGNES controls. 
e t t e r s
Because AGNES cases and controls differed in some characteristics, including risk factors for coronary artery disease and peak creatine kinase muscle-brain isoenzyme (CK-MB) levels, we carried out multifactor analysis to assess whether the rs2824292 was an independent predictor of ventricular fibrillation. Multifactor analysis for the association of rs2824292 with ventricular fibrillation adjusted for those baseline characteristics that were significantly (P < 0.05) different between AGNES cases and controls ( Table 1 ) resulted in an odds ratio (OR) of 1.51 per G allele (95% CI 1.13-2.01, P = 0.005), indicating that this SNP is an independent risk factor for ventricular fibrillation. This was also the case for rs1353342 and rs12090554 (respectively, OR = 0.48, 95% CI 0.30-0.76, P = 0.002 and OR = 0.58, 95% CI 0.41-0.82, P = 0.002). Nevertheless, future research will be required in order to provide more evidence of the independent effects of these SNPs.
We next validated the association of the leading SNPs at the 21q21, 9q21 and 1q25 loci in an independent set of cases and controls (Online Methods and Table 3 ). Our P value threshold for this analysis was set to P < 0.017 (calculated as 0.05/3). Cases for the replication study (using the Amsterdam Resuscitation Study-Myocardial Infarction (ARREST-MI) cohort, n = 146, of which 80.1% were male with an average age ± standard deviation of 63.12 ± 13.10 years) were drawn from ARREST, a study aimed at establishing the genetic, clinical and environmental determinants of SCD in the general population. Dutch out-of-hospital cardiac arrest individuals of European ancestry in the ARREST dataset presenting with myocardial infarction at hospital admission and with electrocardiogram (ECG)-documented ventricular fibrillation were included as cases in the replication analysis. Controls for the replication analysis (from the Genetic Determinants of Restenosis-Myocardial Infarction study (GENDER-MI), n = 391, of which 79.5% were male with an average age of 61.7 ± 10.1 years) were myocardial infarction survivors drawn from the GENDER study 14 , which comprises individuals who underwent percutaneous transluminal coronary angioplasty (PTCA) at a time remote from a myocardial infarction. As observed in the AGNES case-control set, the risk G allele of SNP rs2824292 at chr. 21q21 was more abundant and the protective A allele was less abundant in the ARREST-MI cases compared to the GENDER-MI controls (Supplementary Table 2 ). The odds ratio per G allele in this case-control set was 1.49 (95% CI 1.14-1.95, P = 0.004), which is comparable to that found in the AGNES discovery set. rs12090554 at chr. 1q25 showed a trend for association with a direction of effect similar to that found in the AGNES discovery set (OR = 0.70 per copy of the A allele, 95% CI 0.49-1.01, P = 0.057). In contrast, rs1353342 on chr. 9q21 was not associated with ventricular fibrillation in the ARREST-MI compared to the GENDER-MI analysis (OR = 0.84, 95% CI 0.53-1.34, P = 0.46).
The AGNES study did not include individuals who died before hospital arrival, and it is likely that some of these individuals died from ventricular fibrillation arising immediately or very soon after the initiation of chest pain and before the arrival of medical help. Thus, we cannot assert that the genetic association identified in this study also holds for the group of individuals who die immediately after the onset of symptoms. Nevertheless, an initial comparison of individuals presenting with ventricular fibrillation occurring within 5 min of onset of chest pain (n = 119) compared with those presenting with ventricular fibrillation occurring after more than 30 min of onset of chest pain (n = 204) showed no significant difference in the distribution of genotypes for rs2824292 (Supplementary Table 3) .
The SNPs most strongly associated with ventricular fibrillation in this study appear to be located in an intergenic area that lacks linkage disequilibrium to SNPs within genes (Supplementary Fig. 2 ). These SNPs are not necessarily the functional variants for the observed effect, but they may serve as proxies for the actual functional variant(s). Thus, these SNPs, or functional SNPs in linkage disequilibrium with them, are likely to modulate ventricular fibrillation risk by exerting long-range effects on gene expression 15 . Inspection of a 1-Mb region spanning rs2824292 identified three genes all located within the area 0.5 Mb downstream of this SNP.
The gene closest to rs2824292 (located 98 kb away) is CXADR, encoding the coxsackievirus and adenovirus receptor (CAR) protein, a type I transmembrane protein of the tight junction 16, 17 . CAR has a long-recognized role as viral receptor in the pathogenesis of viral myocarditis and its sequela of dilated cardiomyopathy 18, 19 . Notably, active coxsackie B virus infection has been reported at a high frequency in a group of individuals with myocardial infarction who died suddenly 20 . More recently, two studies have reported a physiological role for CAR in localization of connexin 45 at the intercalated disks of the atrioventricular node cardiomyocytes as well as its role in conduction of the cardiac impulse within this cardiac compartment 21, 22 . Thus, CXADR is a candidate gene for the association reported here.
Two other genes are located within 0.5 Mb of rs2824292. BTG3, located 179 kb from rs2824292, encodes B cell translocation gene 3, a member of the PC3, BTG and TOB family of growth inhibitory genes 23 . Its mRNA expression level is relatively high in the testis, lung and ovary but is low in heart 23 . C21orf91, located 374 kb from rs2824292, encodes the human ortholog of the chicken C21orf91 (also known as EURL, encoding the early undifferentiated retina and lens protein), which is known to be expressed in the developing chick retina and lens and has been suggested to play a role in the development of these structures 24, 25 .
Further studies, such as exploration of expression of these genes in human heart as a function of genotype at rs2824292 (or other linked SNPs), and functional studies are next steps. ARREST-MI cases, n = 146; GENDER-MI controls, n = 391.
a Odds ratios are per copy of minor allele and are adjusted for age and sex.
l e t t e r s
SNPs in the NOS1AP locus, associated with variability in the heart rate-corrected QT (QTc) duration in the general population [26] [27] [28] , have recently been implicated as predictors of SCD risk in candidate SNP analyses 29, 30 . In our GWAS, however, there was no association between SCD risk and SNPs at this locus.
Predicting and preventing SCD remains a major challenge for which new strategies are needed, and understanding the underlying molecular mechanisms of SCD represents a crucial step in this process. Although much of the focus on genetic influences on SCD risk in common diseases has been on variants that directly or indirectly influence ion channel function, the results of the current GWAS suggest new and possibly complementary biological pathways that may be implicated in ventricular fibrillation.
METhodS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturegenetics/.
Note: Supplementary information is available on the Nature Genetics website.
Nature GeNetics doi:10.1038/ng.623 oNLINE METhodS Study samples. All individuals studied were Dutch and of self-declared European descent. The medical ethics committees of the hospitals participating in the study approved the study protocols, and all participants gave written informed consent.
The AGNES sample. The AGNES case-control set consisted of individuals with a first acute ST-elevation myocardial infarction 13 . AGNES cases had ECGregistered ventricular fibrillation occurring before reperfusion therapy for an acute and first ST-elevation myocardial infarction. AGNES controls were individuals with a first acute ST-elevation myocardial infarction but without ventricular fibrillation. All cases and controls were recruited at seven heart centers in The Netherlands from 2001-2008. We excluded individuals with an actual non-ST-elevation myocardial infarction, prior myocardial infarction, congenital heart defects, known structural heart disease, severe comorbidity, electrolyte disturbances, trauma at presentation, recent surgery, previous coronary artery bypass graft or use of class I and III antiarrhythmic drugs. Individuals who developed ventricular fibrillation during or after percutaneous coronary intervention were not eligible. Furthermore, because early reperfusion limits the opportunity of developing ventricular fibrillation, potential control subjects undergoing percutaneous coronary intervention within 2 h after onset of myocardial ischemia symptoms were not included. This time interval was based on the observation that >90% of cases developed ventricular fibrillation within 2 h after onset of the complaint of symptoms.
The ARREST-MI sample. The ARREST-MI sample was drawn from the ARREST study. ARREST is an ongoing prospective population-based study aimed at establishing the genetic, clinical and environmental determinants of SCD in the general population. Dutch out-of-hospital cardiac arrest patients of European ancestry in the ARREST dataset presenting with myocardial infarction at hospital admission and with ECG-documented ventricular fibrillation were included in the replication analysis. The diagnosis of myocardial infarction was established at hospital admission by a cardiologist based on ECG abnormalities and cardiac enzymes and these data were retrieved retrospectively from hospital records. At the time of this study (August 2009), 146 such individuals were retrieved and all were included in the replication study.
The GENDER-MI sample. The GENDER-MI sample included individuals with a history of myocardial infarction drawn from the GENDER study 14 , a study aimed at investigating the association between genetic polymorphisms and clinical restenosis. The GENDER study comprises consecutive individuals who underwent successful PTCA for treatment of stable angina, non-ST-elevation acute coronary syndromes or silent ischemia at four referral centers for interventional cardiology in The Netherlands. The inclusion period lasted from March 1999 until June 2001 and in total, 3,104 consecutive individuals were included in this prospective, multicenter, follow-up study. Approximately 40% of subjects included in the GENDER study had a history of myocardial infarction. A sample of 941 GENDER subjects was genotyped on the Illumina Human 610-Quad Beadchips 32 . The GENDER-MI sample used in the current study consisted of 391 of these genotyped cases, and all of these 391 individuals had a history of myocardial infarction.
Random sample of the Dutch general population. The random sample of the Dutch general population constituted the European descent component of the Surinamese in The Netherlands: Study on Ethnicity and Health study, a cross-sectional study that aimed to assess the cardiovascular risk profile of three ethnic groups in The Netherlands: Creole, Hindustani and individuals of European ancestry 33 . It was based on a sample of 35-60-year-old, noninstitutionalized people from southeast Amsterdam. A random sample of 2,000 Surinamese individuals and approximately 1,000 Dutch individuals of European ancestry were drawn from the Amsterdam population register between 2001 and 2003. People were classified as Dutch if they and both of their parents were born in The Netherlands. The overall response rate was 61% among these Dutch individuals. Those who responded to the oral interview were invited for a medical examination, at which time blood for DNA extraction was drawn. The response rate at this stage among the Dutch individuals was 90%, resulting in a total of 508 subjects with DNA samples available. DNA samples from these 508 subjects were used for genotyping in the current study.
Genotyping. Genome-wide genotyping of SNPs on the 515 AGNES cases and 457 AGNES controls was done using the Illumina Human610-Quad v1 array. The analysis was performed with the BeadStudio software and the Genotyping module version 3.2.33 using the cluster file provided by Illumina (Human610-Quadv1_B.egt). The GenCall score cutoff was 0.15 and the average call rate was 99.45%.
Multiple quality control measures were implemented. The estimated sex for each individual determined by genotyping was compared with their phenotypic sex. Exclusion criteria included deviation from Hardy-Weinberg equilibrium at P < 10 −4 (in controls), sample call rate <0.95 and SNP call rate <0.98.
For GENDER-MI, genotypes at rs2824292, rs1353342 and rs12090554 were extracted from previously obtained genotypes using the Illumina Human 610-Quad Beadchip 32 . Quality control criteria for the genotypic data for the GENDER study were the same as those applied in the AGNES study.
For ARREST-MI and for the sample of the Dutch European descent population, genotypes at rs2824292, rs1353342 and rs12090554 were determined by means of a Taqman assay (Applied Biosystems).
Statistical analysis and imputation. Differences in continuous phenotypic variables between cases and controls were tested using an independent t test when data were normally distributed or a Mann-Whitney U test otherwise. Values are presented as means ± s.d. or median and interquartile range, respectively. Differences in categorical variables were compared using a Fisher exact test, and values are presented as number and percentages.
Genotype imputation was done using the Markov-chain Monte Carlo method implemented in MACH1.0 34 . An r 2 threshold of 0.3 was implemented in the program to identify and discard low-quality imputations.
Each SNP was analyzed for association with ventricular fibrillation using logistic regression assuming an additive genetic model with adjustment for age and sex, using the ProbABEL analysis package 35 . SNPs with a minor allele frequency >0.05 were analyzed. The P value for genome-wide significance was set at P < 5 × 10 −8 , corresponding to a target α (or P value) of 0.05 with a Bonferroni correction for 1 million independent tests 36 . The P values were corrected for the genomic control factor. A two-sided P value of P < 0.017 (Bonferroni-corrected P value for the three independent SNPs) was considered as significant in the replication study.
In the multifactor analysis, we adjusted for age, sex, hypercholesterolemia, diabetes, ST segment deviation, maximal CK-MB, body mass index and family history of sudden cardiac death.
